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PREFACE

This interim report describes work performed by personnel of the Hughes

Research Laboratories , 3011 Malibu Canyon Road , Malibu , California 90265 during

the period from 15 Aug 1977 through 14 Aug 1978 under Contract F336l5 — 77—C—5 052 ,
Proj ect 2306 . The program was monitored by Dr. Robert J. Spry, Air Force

Materials Laboratory, Wright—Patterson Air Force Base , Ohio .

The program was directed toward the growth and evaluation of silicon—germanium

crystals for use in P—i—N detectors and extrinsic detector arrays . The principal

investigators were H. Winston and H. Kimura . The following people have also

contributed significantly to the work reported here: C. Afable , P. Amini ,

R. Baron , J . P. Bauku s, W. P. Fleming, M. F. Harvey, J. A. Henige , 0. J. Marsh ,

K. T. Miller , D. J. O ’Connor , A. F. Rabideau , R. Wong—Quen , and M. H. Young .
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SECTION 1

INTRODUCTION

The prospective applications of Si—Ge alloy materials to intrinsic

and extrinsic photodetectors imply a list of goals for a research pro-
gram on the preparation and characterization of these materials. One

crucial issue is the possibility of preparing the alloys in highly per-

fect single—crystal form as ingots of 1—in, or 2—in, diameter. This is

necessary because the silicon device technology we expect to extend to
the alloy is based on large single crystals. Typical intrinsic Si
detectors are fabricated from high—resistivity single—crystal 1—in.

wafers , and the processes for infrared—sensitive monolithic focal plane
arrays (MFPAs) begin with intentionally doped single—crystal wafers at
least 2 in. in diameter. A second essential issue relates to the con-

trol and uniformity of alloy composition , both radially and axially , in

• the ingot. Since the virtue of using an alloy is the possibility of

• adjusting its op tical and elec tronic proper ties by the choice of corn—

posi tion , it is important to be able to prepare alloy crystals of a

defini te and con trollable composi tion . The third major requirement is

that Si—Ge alloys must be prepared , just as in the case of Si, without

signif ican t con tamina tion by unintentional impurities. Elec tri cally
active impur ities mus t be kep t at or below the io12 cm 3 

range. Thus,

our work on the growth of Si—Ge alloys has been guided by the require—

men ts of

• Crystallinity (good crystals up to 1 or 2 in. in
diameter )

• Compositional control and uniformity

• High purity.

As discussed below , these requirements in terac t and caref ul atten tion

must be paid to the tradeoffs inherent among them. Our orig inal p lan ,
based on information available in the literature , wa s to prepare a

series of alloy crystals of gradually increasing Ce content , eventually

1
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reaching a composition close to the desired 10% Ge value which could

serve as a seed in the final growth. The low—Ge crystals were to be

grown by the Czochralski method , and we expected to use some cruáible—

free growth method (such as pedestal growth) for the final crystal. We

modified this plan when we found that 10% Ge crystals can be grown by

the Czochralski method directly from 0.5% Ge seeds (or even from pure Si

seeds). At present, we are concentrating on Czochralski growth as the

most effective method of providing Si—Ge alloy material for characteriza-

tion and for the fabrica tion of experimental photo—detectors. It may

not be necessary to resort to pedestal grow th at all in this program ,

although the decision awaits further results from the Czochralski work.

H

.
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SECTION 2

CRYSTAL GROWT H

At the start of this program, we believed that a good Si—Ge alloy

cry.;tal of a particular composition could be grown only from a seed of
not too different composition because of the strain caused by the change
in lattice parameter as the Ge content increased . For example , it

appeared tha t, with a 100% Si seed , the maximum allowable concentra tion

in the crystal would be 3 at.% Ge. Such a crystal could in turn be

used to provide seeds for a 5 at.% Ge crystal , and so on. Furthermore ,

growth of the alloy involves large changes in composition between melt

and solid , as shown by the difference between the liquidus and solidus
curves in the Si—Ge phase diagram. Such differences in composition can

lead to interference with the crystal growth process in the form of con-

stitutional supercooling and cellular growth. Earlier work indicated

that growth rates below lO~~ cm/sec were necessary to avoid cellular

growth at 10 at.% Ce in the crystal.

Since the growth rate usually employed in Czochralski growth of Si

is on the order of inches/hour , we found it necessary to modify the

mechanism of a Czochralski grower to provide a range of pull ra tes
between 0.08 and 0.30 in./hr, corresponding to 6 to 20 x lO~~ cm/sec .

I t is apparen t tha t prolonged growth runs are necessary to produce crys—

tals even 1 in. long with such pull rates , and these long runs increase

the contamination from the crucible and the internal atmosphere of the

growth furnace. In an early run with Si alone to test the equipment ,

excessive oxide formation caused by small leaks into the cha’aber

occurred. We found and repaired the leaks and installed a vacuum sys-

tem to provide for growth in vacuum as well as in the helium atmosphere

usually used.

The first Si—Ge crystals grown in this equipmen~ were CO56Ge and

CO57Ge. (The prefix C indicates Czochralski grow th , and the symbol for

Ge is appended to indicate that in these crystals the intentiona l

“dopan t” is Ge.) Both crystals were grown from melts having a composi-

tion of approximately Si0 9Ge 0 1  at a rate of 2 mm/hr (6 x lO~~ cm/sec).

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The runs were successful in that the crystals were largely single.

However, their lengths were only 6 mm and 14 mm, which made it diff i—
cult to use them as seeds. Electron microprobe analysis of CO57Ge showed

that it contained 3.3 at.% Ge. Since the exact melt composition was 9.8

at.% Ge, the distribution coefficient of Ge between the solid and melt

at this composition is 0.34. Table 1 lists the growth parameters for all

the crystals grown so far in this program.

At this point, it had become apparent that the strategy of produc—

ing seeds with relatively small increments in Ge concentration would

consume a great deal of time. Recognizing that this approach might still

turn out tc’ be necessary , we nevertheless decided to experiment with

shortening the total process time by making larger steps in Ge concen-

tration. Crystal CO59Ge constituted an encouraging demonstration of

the feasibility of larger steps. It was grown from a 300—g melt having

composition Si0 84Ge0 16 at a rate of 2 mm/hr under less than 1 atm of

He with the use of a [111] Si seed. The crystal was 15 mm long, had

a maximum diameter of 2 turn, and was single. The crystal composition ,

measured by an electron microprobe , was 6.9 at.% Ge.

Wi th this confirma tion in hand , our next step was to attempt a

larger crystal from a larger melt under otherwise identical conditions.

CO6OGe was 25 mm long, had a maximum diame ter of 9 mm, and was 6.1 at.% Ge.

Its only drawback as a source of seed material was that it was twinned ,

showing both [111] and [5111 orientations along the growth axis. The

next attempt , CO61, was also twinned in the same way. The appearance

of [511] — [1111 twins is well known in Si. We speculated that [511]

mi gh t be the preferred  orientation and began a series of growth runs

with [511] seeds. CO62Ge, however , also twinned , not stay ing true to

its seed orientation. Even though C06l and C062 twinned , they did result

in crystals 24 to 25 mm in long and up to 12 turn in diameter.

Up to this point , the crystals grown had been either too small or

twinned . It seemd likely that twinning was associated with the transi—

tion from the original seed to a larger diameter. Again revising our

4 



Table 1. Si-Ge C r y s t a l  G

• Cruc ib le  C rys t a l  Crys talrys ta  Melt Melt Growth Rate  Seed R o t a t i o n  . .
• • . R o t a t io n  Ambient  Gas Or i en ta t ion  Length , DiameterNumbe r We ig ht g Composit ion m m/h r  Ra te , rpm• R a t e , rpm mm mm

C056 550 Si 0 . 9 02  2 10 4 He part ial  < 111> 6 4
G e O , 0 98 v a c u u m

C057 550 Si 0 .899  2 10 8 He pa r t i a l  < I l l >  14 3
• G e O .  101 vacuum

C059 300 Si 0 .8 4  2 8 8 He par t i a l  <111> 15 2
Ge 0. 16 vacuum

(060  600 Si 0 .84  2 8 8 He par t ia l  <111> 25 9
C e O .  16 vacuum

C06 1 600 Si 0. 84 2 8 8 He pa r t i a l  <111> 24 12
G e O .  16 vaCuum

• C062 600 Si 0.84 2 8 8 He par t ia l  <511> 2 8 12
Ge 0. lt vacuum

(063 He oar ’ial <511~~ 51 38
Vacuum

C064 Grown Si 0. vu  0. 5 t o 1 10 13 He p a r t i a l  <5 11> 25 2 5
fr o m  Ge 0. 34 vacuum
C06 3

C065 600 Si 0.64 1 10 13 Fle partial 511 - 11 13
Ge 0. tt, vacuum

C0 66 300 Si 0 .98  13 10 13 He p a r t i a l  ~~1 11> 89 27 ho 29
Ge 0. 02 v a c u u m

C067 300
C068 iOO Si 0. 72 1 10 13 He partial - - 11 l~ 8 .~5

• G~ 0. 28 v a c u u m

C0 69 300 Si 0. ~u 5 10 18 lie o.i ru ial 11 !>
Ge 0. 04 \ acuum

C070 Si 0 .98  13  10 18 He p a r t i a l  I l l >
Ge 0. 02 v a c u u m

C07 1 300 Si 0. 72 0. 5 10 18 F lu  partial - 111. ’
Ge 0. 28 v a c u u m

C07 2 300 Si 0 . 98 1 3  10 18 liv r u a r h i a l  - - 11  l .~Ge 0. 02 v a cu e n ,

C07 3 300 Si 0. 72 0 . 5  10 18 l Ie  p a r t i a l  ~ l 1 l >
Ge 0. 2 8 v a c u u m

C074 300 Si 0. 72 0. 5 10 18 Vacuum - :11 1 13 30
Ge 0. 28

C075 307 Si 0. ~)u 13 10 1 % Vacuum • 1 1 1 >
Ge 0. 04

C077 304 Si 0.72 4 10 18 Vacuum <111> 13 32
(;~ 0. 28

( 07Q

C082 2~ Si 0.72 3 10 2u V acuum <111>
Ge 0. 28

(044 300 Si 0.72 0.5 10 Vacuum <111>

Ge 0. 28

( 0 8 5  100 Si 0. 72 0 . 5 10 2l~ Vacuum <111>
Ge 0. 28

(087 300 Si 0.72 0.5 10 2i Vacuum <111> 18 45 max
Ge 0. 28

~~~~~~~~~~ • :::::~:~~ .• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~ 1. Si-Ge Crys t a l  Growth Summary

Crys ta l  Cr ys ta l
ent at ion Length , Diameter , 

~~~~~~ 
Crys ta ll in i t y Ge Source  Crucible  R e m a r k s

I ll> 6 4 Si 0.967 Eagle P icher  Regu la r
• Ge O, 03 3  69 ’ s Q u a r t z
111> 14 3 E ag le P iche r  R e g u l a r

69’s Quartz

111> 15 2 Si 0 . 9 3  S ing le  E ag le P i c h e r  R eg u l a r
Ge 0. 0, - I 69’s Quar tz

I l l >  2 5  9 Si 0. 14 Tw inned E agle  P iche r  R e g u l a r
Ge fl . 0 1  t~ 9 s Quartz

111~- 24 12 N o ’ Twinned a~~1e P i c h er  R e g u l a r
a n a l y z e d  Q u a r t z

511> 2~ 12 Not Twinned F a~~le R i c h e r  R e g u l a r
a n a l yz e d  u 0 Q u a r t z

51l~~ 51 38 Ge 0. OOs 1 ‘.~ t w i n n e l Eag le  P i c h e r  R e g u l a r
69 s Quartz

111> 25 n O ’  t w i n n e d  E ag le  P i cher  R e g u l a r  Seed cut  f rom l o n g i t u d i n a l  s ec t i o n .
r 0 s Quartz

5 11 • 13 1 3  Si 0 . 5 n4  3 I 0 0 °~ s i n g le Eagle  P i c h e r  R e g u l a r  Seed f rom C064 c r y s t a l .
G e O . 1 3 5 7  S Q u a r t z

111> 80 27 to  2~ Eagle  P i c h e r  R e g u l a r
4 0  s Q u a r t z

Run  was a b o r t e d  b e c a u s e  of a i r  le a k .
11 I 8 25 Si 0. q0 95 ~:agle P i ch e r  R e g u l a r  S u e d  - 1 in . shoulder

Cu 0.0005 r 0 s Q u a r t z  Si 0. 993 , Ge 0. 007 
( ,r osv lb t e r m i n a t e d  a l t e r  8 h o u r s .

:111> Or t ec  R e g u l a r  Failed b ecause  scum fornte ’ !  on seed and nr ~~ en t , -d
Quar tz growth.

111> 100’ s ing le  O r t e c  R e g u l a r  I in . d i a m et er  s h ou l d e r  c o r . a i n i ne  2 a t . “~ Ge used for
Quart z seed.

111 > R e g u l a r  i ~~~~ d i a m e t e r  s h o u l der  o n t a i n i n g  1 ~2 ~1 . • l b  user1  f o r
Quartz seed .

11 1 -  Si 0 . 99 48 O r t e c  Suprasf l  12 , 000 I l - cm on t h e  s k i n , 4 poin t  probe ut  a m b i e n t
Ge 0 .006 2 l ined t e m p e r a t u r e

111> O r t e r  Suipra  si l  R u n  was  a h o r t e d  b e c a u s e  b u b b l e s  fo rme d  in t hr Supra sil
lined crucibl e.

:111> 13 30 Si 0.892 3 Ortec Suprasil Terminated.
Ge 0 . 1077 lined 1- 120 bubb le  f o r m e d  in c r u ci b le  l i n i n g .  •\ s l i c e  w as  sen t

to Pr . Gre, -n , A l ’ u t t . .

111> .~~; O r t e u ~ S u p r a s i l  Seed c r y s t a l .
t i n  cr 1

:111> 13 32 Si 0 .888 5 Or t ec  Supra s l l  M o s t l y s ing le. R e s i s t i v i t y  
~

, OO
~
O — 1 , 000 2 2 - c m , n - ! v oe .

Ge 0 . 11 15 h e a t -  R e s i s t i v i t y  1700 £ 2 - c m  af te r u S O  C . 1 hour  anneal .
t r e a t e d  Sp r e a d i n g  r e s i s t a nc e was m e a s u r e d .

C r u c i b l e  c r a c k e d .

i i  1> Or tec  Supras i l
h e a t  -
treated

.111> Ortec  Supras il  Approx ima tel y 200 12-cm (room I , m p , r a t u r e ) , p - t v p u .
h e a t —
t r e a t e d

11 I> Ortec  Supras il  R u n  was a b o r t e d  because  c ruc ib le  c racked .
h e a t -
t r e ated

:111> 18 45 max Si 0. 885 6 Or tec  Supra sil  500 - 8000 1 2- c m c. oom tcmperatu rel , p-type .

G e O . I 1 6 4  h e a t -
t r ea t ed

6397
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strategy , we attempted to avoid carrying out the transition in material

wi th high Ge content. Instead , we grew a 0.6 at.% Ge alloy out to a

large diameter , intending to use this large—diameter crystal as a seed
for subsequent growth of a 10% alloy. This procedure was also attract-

ive because the high—concentration melt did not have to be exposed to

the crucible during the long period of growth to the desired large diam—

eter; growth from the large seed , or shoulder, can begin immediately

after melting the charge. Using this approach, it was possible to grow

the low—Ge shoulder out to the desired diameter at a rap id ra te, say

13 inm/hr , since at the lower concentrations the constitutional supercool—

ing and cellular growth difficulties do not set in until even higher

• growth rates are reached. The large shoulder was used as a seed with a

hi gh—Ge melt and a growth rate of 0.5 or 1 mm/hr to produce the high—Ge

alloy crystal.

• The first successful cyrstal by :his procedure was CO65Ge. Grown

from a 36% Ge melt, its composition was 13.6% Ge and it was 100% single.

The seed for this growth was a single section from CO64, which had

• twinned during an attemp t to grow high—Ge alloy from a low—Ge shoulder.

This shoulder was part of CO63, which had twinned halfway through its

growth; CO64 was grown by first melting back the twinned portion of

C063 in a high—Ge melt and then growing it again. At this time, we

were still experimenting with [5l1J seeds, and CO63 , C064, and CO65 all

had this orientation.

CP—4 etching of CO64 clearly revealed the boundary between COÔ4 and

C063 , which was also the growth interface at the beginning of CO64

growth. It is convex toward the tang as a result of the slow growth

ra te. Many micro—cracks are observed on both sides of the boundary ;

the origin of these cracks could be the thermal shock of inserting CO63

into the melt to grow C064, or it could be strain from lattice misnatch.

The cracks terminate within the crystal and do not extend to the tang

end.

6
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Up to this poin t , most of our growth runs had been from 600—g charges

and six—nines pure Ge from Eagle Picher and the crucibles had been of

regular quartz. Since our emphasis had been primarily on es tablishing
growth conditions for good crystallinity, we had no t addressed the issues
of purity . It was now worthwhile , however , to consider using higher—
ri ’rity Ge , from Or tec , and the cos t of this ma terial dictated smaller
mel ts of 300 g. The crucibles were also suspected of being sources of

impurities that could limit the purity achievable even with high—q uality

Si and Ge.

Crystal C068 Ge was grown to assess the feasibility of growing
from a charge as small as 300 g; our Czochralski grower was designed
for a 1—kg charge. Although the crystal was misaligned with the rota—

tional axis , which made it necessary to end the run after 8 hr, it was
• possible to grow a short length of 9% Ge alloy. In all subsequent runs,

we used Ortec Ge and 300—g charges.

Other work in our labora tory had shown tha t syn the tic high—p urity

silica wares available commercially under the names of Suprasil and

Spec trosil , in troduce less boron in to Si mel ts than do regular quar tz

crucibles. These synthetic silica crucibles , however , have a lower

softening point than regular quartz and are etched more rap idl y by

• molten Si; both features are associated with a relatively hi gh hydroxy l

content. We expected that synthetic silica might not exhibit these draw-

ba cks as seriously with Si—Ge as with Si, since the grow th tempera ture

of a 10% Ge alloy is about 70°C lower than tha t of pure Si. Crystal

CO72Ge was grown in a Suprasil—lined crucible from a dilute melt with

the in ten t of producing a 0.67% Ge seed. The Suprasil was used as a

liner so that the regular quartz crucible outer shell could provide

mechanical stability at the growth temperature. Although alignment

problems termina ted the grow th , the resulting crystal exhibited a room—

temperature resistivity of 12000 Q—cm , as measur ed by a four—poin t probe

on the crystal skin.
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This result caused us to reconsider the program strategy by suggesting

that growth from a suitable crucible migh t provide high—resistivity
material without requiring a crucible—free or pedestal technique. We

decided to concentrate on crucible upgrading as the preferred route to

ob taining high—resistivity Si—Ge suitable for intrinsic detectors. It

was clear that crucible improvements were necessary . The next growth run ,

CO73Ge , which was aimed at producing a 10% Ge alloy , had to be terrninateJ

because a large bubble formed on the bottom of the Suprasil—lined cruci-

ble and prevented further growth. The air trapped between the quartz

outer shell and the Suprasil liner during fabrication of the lined

• 1 crucible was suspec ted of causing the bubble. An attemp t was made to

• alleviate the problem by evacuating the space between the liner and the

shell during sealing , but the bubbling persisted during grow th runs in

the lined crucible made this way . The bubbling was una ccep table because
it raised the level of the melt at a rate higher than the rate of with—

drawal of the seed.

The persistence of bubbling even when care was taken to evacuate

- j the space between shell and liner pointed to the presence of some

• precursor of a gas in the Suprasil itself. Since there is much more

hydroxyl in Suprasil than in regular quartz , it was suspec ted of being

• the cause. Baking at high tempera tures in vacuum reduced the hydroxyl

content; the procedure finally adopted included a bake—out at 1300°C for

16 hr followed by 4 hr at 1420°C.

Before the bake—out procedure was available , crys tal CO74G e was

grown in a Suprasil—lined crucible. Its Ge content was 10.8%, and it

was largely single. It was grown on one of the previously prepared

low—Ge shoulders, reaching a diameter of 30 mm. Growth had to be ter-

minated after 13 turn, however , because bubbles appear ed in the crucible

liner . A piece of this crystal was supplied to AFML. It is shown in

Figure 1.

The most successful growth run so far was CO77Ge, in which a 25—mm—

diam eter , 0.5% Ge , [1ll]—oriented shoulder was used as seed . The

grown crystal was 13 mm long with a maximum diameter of 32 mm; it was

mos t ly sing le except for a slightly misor iented grain toward the tang

8
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end. Electron microprobe analysis indicated a highly uniform composition

of 11.2% Ge; the misoriented grain was also uniform at 11.4%. Other

measurements on this crystal are reported below.

• Other growth attempts have run into difficulties, such as crucible

cracking (CO79 , CO85), or produced rather low—resistivity material. The

results with CO77Ge indicate that the methods used here can produce

mostly single high—resistivity crystals of significant size. The

results in other cases show that there are still variables to be identi-

fied and brought under control.

• 1
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SECTION 3

MEASUREMENTS AND EXPERIMENTS WITH Si—Ge CRYSTALS

A. COMPOSITION

Table 2 shows the distribution of Ge between the melt and the

crystal for seven growth runs. The crystal composition was determined

by electron microprobe analysis on the tang end over the entire area.
The 2cj limits are listed to show the excellent radial uniformity. The

composi tion 13 ~1so uniform in the axial direction because only a small
frac tion of the melt is crystallized. The only exi~eption is COR7, which
weighs about 50 g (corresponding to 17% of the melt) . By calculation,

• 
- the Ge concentration increases by approximately 12% from the seed to the

tang end.

The effective distribution coefficient , which is about equal to
the equilibrium value because of the slow growth rate, varies from 0.37

to 0.40 for crystals of approximately 10% Ge content. This is in

fairly good agreement with the value calculated from the reported

equilibrium phase diagram.

Table 2. Composition of Si—Ge Crystals

Melt Composition Crystal Composition Ge Number of Effective
Cr stal Distribution

Si Ge Si Ge 
2a Limits Analyses Coefficient

C056 0.902 0.098 0.967 0.033 — 1 0.34

C059 0.84 0.16 0.93 0.069 — 1 0.43

C065 0.64 0.36 0.864 0.136 0.0008 4 0.38

(068 0.72 0.28 0.909 0.091 0.0012 4 0.39

C074 0.72 0.28 0.8923 0.1077 0.0012 7 0.38

C077 0.72 0.28 0.8885 0.1115 0.0016 6 0.40

C087 0.72 0.28 0.8836 0,116 — 037a

5Calculated assuming 12% increase in the Ge content from seed to tang end.

6397
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A wafer from crystal C064 was polished and scanned over a distance

• of 90 Pm by the electron microprobe to determine whether there were

microscop ic variations in composition. The volume probed in this scan

was about 1 pm3
. Figure 2 shows the actual scan, which indicates that

the composition is uniform within the measurement noise, corresponding

to approx ima tely 2.5% of the Si concentration . Thus, at least within

the accuracy of measuremen t , there is no clustering or segregation effect

in our mater ial , in contrast to behavior that had been reported for 50~
Si—Ge alloys.

B. IMPURITIES IN Si—Ge

1. Oxygen

Oxygen is a natural contaminant in Si—Ge grown from an Si0
2 

crud —

ble at high temperatures. Its concentration in crystal C077 was deter—

mined by measuring the room—temperature infrared absorption at 9 pm.

C077 as grown was n— type and had a resistivity bstween 2000 and

6000 ~ .-cm at ambient temperature. After 1 hr annealing at 650’C to

F decompose the oxygen donor complex , it changed to p—type with approxi—

nately 1700 ç~— cm resistivity . Because of the unexpectedly large con-

cent ra tion of oxygen indicated by this result , we decided to measure it
by way of the IR absorption .

The as—grown crystal was sliced to a thickness of 0.072 in. and then

polished on both sides. A Beckman IRI.2 spectrometer was used ~o mea—

sure the absorption . The absorption coefficient at 9 pm was 1.39 cm
1
.

This corresponded to 3.8 x 10
17 cm 3 according to the calibration curve

by Kaiser and Keck1 for oxygen in Si. Assuming a growth temperature of

l340° e for the 30% Ge melt , the value is belotq the solubility of oxygen

in Si determined by Logan and Peters.2

~Kalser and Keck (JAP 28, 822 , (1957)).

2Logan and Peters (JAP 30 , 1827 (1959)).

12
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2. Boron and Donors

A Hall measurement was made on C077 to determine the boron and

residual donor concentra tions , in addition to the energy level of B

in Si0 89~~ O ~~~~~
. A preliminary analysis of the temperature dependence

of the Hall effect indicated a net acceptor concentration of 9 x io12

cm 3
, arising from 2.5 x 10

13 cm 3 of boron and 1.6 x iol3 of residual

donors. A more complete analysis of the experiment subsequently resulted

in sligh t changes in these values , as reported below. However , rhese

changes do not affect the argument presented here.

The B content of the crystal derives from the B in the initial

charge and the B in the quartz rucible , which gets in to the mel t as

the crucible is etched . We had pr€v iously developed a theoretical cal—

culetion that accoitnts for the axial distribution of B in Czochralski—

grown Si on the basi~. of these sources of B. Figure 3 shows the cal-

culated axial boron concentrad’-n p r o f i l e s  of a l—in .—diameter

• Si
~ 9

Ge 0 1 crys tal grown from a 300—g starting charge. In the calcula-

tions , the distribution coefficient of om on was assumed to be 1, and

the concentration of boron in the 3.l—in .—diameter Suprasil crucible

was taken to be 0.01 ppmw. The etch rate of Suprasil in molten Si
• r had been de termined previously to be 2.2 x 10 6 

cm/sec. Since we did

• not have the etch rate of Suprasil in molten Si0 72 Ge 0 28 at 1340° C , an

Arrhenius— type calculation was made , which gave 1.8 x 10 cm/ sec , assum—

ing an energy barrier of 193 kcal/mole , the bond energy of Si—0. The

growth rate was taken to be 0.5 mm/hr. Three profiles are shown in

Fi gure 3, corresponding to 5 x io~
l, 1 x 1012

, and 5 x 1012 cm 3 
start-

ing boron concentrations.

These profiles suggest that , with an ini tial B con ten t of 1012 cm

the B concen tra tion of the f i r s t 1 cm of a crys tal grown from Suprasil

would be no more than 10
13 

cm
3
. Our starting material probably con-

tained 2 to 3 x 1012 cm 3 of B, der ived alnost completely from the Si.

As the f i gure shows , this would lead to an NB about 1.5 x 1013 
at 1.6 cm.

• 13 —3
The value actually observed was 2.5 x 10 cm , and a ca lcu la t ion  back

13 —3
to zero length suggests an initial N

B 
of 1.4 x 10 cm . (With the

modified value of 2.2 x 10
13 cm 3

, the initial NB 
wou]i be 1.1 x io

l3 cm 3)~

14
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-
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Figure 3. Axial boron concentration of l—in .—diameter crystal of
Si 0 9Ge

0 ~ 
initialcomposition, and crystal C077 (1.3 in.

d i amt~ter).
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We must continue these measurements and analyses to dete’-mine if there

is indeed an excess B content in the starting material, as this result

suggests. It is also clear that it would be worthwhile, once the start-

ing B content is as low as we desire, to reduce still further the B

content and etch rate of the Suprasil.

C. SPREADING RESISTANCE MEASUREMENTS

The uniformity of the balance between the acceptors and donors

was assessed by measuring the spreading resistance on an unannealed

wafer. Wafers from C065, C068 , and CO77, all showing n— type conduc-

tivi ty,  were measured. The resistivities of the wafers measured at

ambien t tempera tures by the 4—point probe are tabulated in Table 3.

Figure 4 , which shows the three measurements , clearly indicates that the

uniformity of donors such as the SiO
4 
complex and phosphorus is excel—

lent when they are the dominating impurities (CO65, C068). When donors

and accep tors closely compensate each other, as in C077 , the spreading
resistance is high and erratic , exhibiting almost an order of magnitude

variation.

We are planning to carry out the measurements on an annealed

wafer , which in most cases comes out p type , to assess the unif ormity

of acceptors minus residual donors.

Table 3. Resistivities of Si—Ge Crystals

Crystal Number Resistivity, Q—cm

C065 760

C068 690

C077 2 ,000 — 6,000

6397
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Figure 4. Spreading resistance of Si—Ge crystals. The six traces should

be lined up side by side; each one represents 6 mm of a t race
across the 36 mm diameter of the wafer.
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D. OPTICAL ABSORPTION COEFFICIENT AT 1.06 pm

The absorption coefficients at 1.06 j.~m were initially determined on

crystals CO65 (Si86 43Ge13 57) and CO68 (Si90 95Ge9 0 5). The absorption

coefficients were 68 cm~~- and 54 cm~~ for CO65 and C068, respectively.

• 
Figure 5 shows the absorption curve of ct;~ tal C077 (Si88 85Ge 11 15).

The absorption coefficient at 1.06 pm was 51 cm , which was not con-

sistent with the values from C065 and CO68. We are continuing our inves—

tigation to obtain a more definite correlation with the alloy composition.

E. ANALYSIS OF HALL MEASUREMENTS

The carrier concentration , p,  versus tempera ture , shown in Figure 6,
• fits reasonably well to the model of a single, compensa ted accep tor

level with an ionization energy of 0.0427 ± 0.0002 eV. This energy is

significantly less than the ionization energy of 0.0457 ± 0.0003 eV for
B in pure Si.

3 The apparent increase in p at temperatures above 150 K

is an ar ti fac t of assuming the sca ttering factor of r 1 in calculating

* p from

wher e 
~~ 

is the Hall coefficient. This apparent increase in p reflects

the fact that r has a large temperature dependence in this temperature

r ege.
4 

Analysis of the data was restricted to T ~ 66.7 K to avoid this

efEect. In least—squares fitting the charge balance equation

5. . Baldereschi and N.O. Lipari, Proc. of 13th International Conf. on the
Physics of Semiconduc tors, Edited F.G. Fumi (Typografia Marves, Rome ,
1976) p. 595.

L 

• 
4R. Baron, M.H. Young, J.K. Neeland , and O.J. Marsh, Proc. of the 3rd
International Symposium on Silicon Materials Science and Technology ,
Edited by H.R. Hugg and E. Sirtl (The Electrochemical Society , 1977)
p. 367.
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Figure 5. Almorption spectrum of CO77 Ge at 29€°K. Sample thickness:
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p + N
D 

= 

1 + 

N:

to the data , two solutions were found depending on whether the degener-

acy for the B level, ~~~ was fixed at the expected value of 4 or allowed

• to vary. The two solut ions are given below

Solution 1 Solut ion 2

N B, cm 3 
2.2 x iol3 1.6 x 1o13

ND, 
cm 3 1.4 x io13 0.8 x 1013

EB, eV 0.0426 0.0428

4 7.2

% error 1.8 0.4

The fact that differs significantly from 4 in the solution with the

least error reflects the fact that the shape of p(T), particularly in

the range of temperatures from 45 to 67 K, deviates from the model.

There are several possible e f f ec ts tha t could accoun t f or this:

• The dopant concentrations have a significant gradient
• over the thickness of the sample. This effec t is

- 
- occasionally observed by us in Si:B.

-
~~ • The valence band density of states , N~

, for  Si0 9Ge0 1
is significantly d i f f e ren t from tha t for  Si , which
was used in analyzing the data.

• The ionization energy of boron in Si
0 

Ge 
1 

is not
a single value: rather , it is a distr1~ ut~~ n of values
corresponding to the distribution of nearest—neighbor
environments of the B atoms.

The latter effect is probably the one responsible , as a similar

effec t was observed for In in its photoconduc tive spectrum. Until a

model for the distribution of E
B 
is developed , it will  no t be clear

which of the solutions given above is the be tter one .
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The mobility , shown in Figure 7 , is as expected and shows the

influence of alloy scattering.

The relatively high donor concentration foun d could be residual

donor activity from Si—O complexes. The sample was annealed at 650° C for

1 hr to remove donor activity caused by these complexes , which fo rm at

temperatures of about 450° C and are normally present in an as—grown Cz

crystal .  This anneal is normally sufficient to eliminate this activity

in Si , but it is possible that Si:Ge may require a d i f ferent  anneal to

accomplish this.

F. X—RAY TOPOGRAPHS

To establish the degree of crystal perfection, survey— type X—ray

diffraction topographs were made of Si:Ge alloys in the range from about

5 to 15 at.7. Ge. All of the crystals examined exhibited some structure

in the topographs ; examples are shown in Figure 8. The following major

crystal defects were noted:

• • Twin lamellae, sometimes resulting in hexagrams abou t

J the <111> growth axis

• “Tree ring” contrast contours about the growth axis

• Globular areas of no contrast.

- -
~ The twinning system {lll) <112> results in<ll5>of the twin lying

along the same direction as <111> of the untwinned crystal. Six per-

mutations of this twin system are possible along the ‘~~Lll>growth axes,

generating the hexagram visible In some of the topographs.

Local variation in lattice parameters gives rise to the “tree ring”

- • 
con tras t seen in the topograp hs. This structure can be attributed to

compositional variation in the alloy and/or to segregation of a foreign

species.

Whenever there is a polycrystalline inclusion or a grossly mis—
• oriented region in a crystal , the result on the X—ray topograph will be

an area of no contrast.

23

- -
~~~ • -- — ——~ - - • - — - - ••- • • .-

-“- --•,- — __-- S s-



r ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

_ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 8037-6
10 I I I I I I t 1 ~~ I I I I I  I I I

0

- —

io2 I I I 1 1 1 1 1 !  I I I 1 1 1 1 1

101 io2

T,°K

FI gure 7. Mobility versus temperature Si—Ge alloy CO77Ge.
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G. OXID ATION OF Si—Ge

We have begun to investigate some of the processing steps that will

be necessary to fabricate detectors from Si—Ge alloys. It will surely

be necessary to modify, or ~~t least to check, the procedures used with

si.

A procedure developed for the enhanced oxidation of Si at low

temperature was tried on CO65, with a composition of Si0 864 Ge0 l36~ 
In

• the thermal oxidation of Si, the presence of a halogen enhances oxida-

tion. We have developed a procedure that uses °2 
with chloroform as the

halogen source for thermal oxidation. Aside from the smooth and uniform

oxide layer it produces , chloroform is much easier to handle and trans-

por t than the commonly used HC1.

A wafer 0.018 in. thick and 1/2 in. in diameter was polished on

both sides and subjected to oxidation at 900°C for 4 hr. The chioro—

form was transported at ambient temperature into the chamber using He

as a carrier gas. The thickness of the oxide film, al though not mea—
0

sured , was estimated to be “1500 A.
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N. SECTION 4

PRESENT STATUS AND FUTURE PLAN S

It is a major achievement to have produced high—resistivity largely
single Si—Ge up to 13% Ge. The keys to this success were in using a

1.-in, shoulder as a seed and high—puri ty synthetic quartz (Suprasil)

crucibles. With an ordinary small—diameter seed and the necessary slow

• growth rate, many hours would have been required to grow the seed out

- • to a 1—in, diameter; during that period the growing crystal would have

been susceptible to twinning, loss of crystallinity, and contamination.

It was unexpected that we could go from a shoulder containing 0.5% Ge

to an alloy of 13% Ge in one step .

The relatively high resistivity we obtained is associated with the

use of hi gh—purity synthetic quartz crucibles , which help elimina te

contamina tion from the etching of the cr ucible b y the mel t and preserve

the purity of the starting charge. We hope that it will be possible to

attain resistivi ties high enough for PIN detectors by this method ; we

plan to use Hall—effect measurements to identify the residual impurities

and to schedule further growth runs to eliminate these impurities.

Since our resul ts sugges t tha t the major source of boron in our

Si—Ge crystals is either the etching by the melt of the quartz crucible

or the handling , we will concentrate on these issues. We will institute

higher standards of purity in preparing the charge and the crucible , and

we will grow a series of short crystals (a few millimeters at most) to

examine the effect of a shorter exposure of the crucible to the melt. A

possible outcome is that short crystals, grown from a melt that has been

in contact with the crucible for only a relatively shor t time , will have

a lower boron (and phosphorus) content than longer crystals requiring a

20 or 30 hr growth time. This procedure may be sufficient to provide

high—resistivity material suitable for intrinsic detector studies. If

• t~’e res istivi ty ob tained is no t high enough, we will adopt the alterna—

tive , the pedestal growth method. Even before completing the growth

p —• • 4-, - —•---
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runs  aimed a t  hig h resis t iv ity,  we will schedule the growth of indium—

doped Si—Ge alloy at several different Ge and In contents. The con-

centrations of boron in our undoped crystals compare very favorably wi th
4 

those in useful indium—doped silicon , and we expect that the Czochralski

growth procedure already developed for undoped alloys can be extended

to provide material for extrinsic detector evaluation.

We expect that by 15 February 1979 we will have produced Si—Ge

suitable for PIN detectors e i t h e r  by the Czochralski technique or by a

pedestal (crucible—free) method. By the same t ime , Si—Ge :Ln will have

been grown and c-valuated as a potential monolithic detector array sub—

strate for 8 to 14 pm. We expect to discuss these results with AFN L

and reach a decision as to the distribution of emphasis during the rest

of the technical effort. Although the present program plan calls for

the fabrication of 1.06 pm detectors by using an exis ting Si process

for Si—Ge , it will probably be necessary to modify the process steps

to make a fair test of Si—Ge ’s promise . Therefore , we recommend devot-

ing some of the program effort to an investigation of elementary process

step modifications required to adapt silicon device fabrication pro—

cedures to silicon—germanium.
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